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¥ Equation
# Experiment
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REMOVAL OF NITRATES FROM GROUND
WATER

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a 35 U.S.C. 371 National Phase Entry
Application from PCT/IL2016/050457, filed May 3, 2016,
which claims the benefit of Israeli Patent Application No.
238644 filed on May 5, 2015, the disclosures of which are

incorporated herein 1n their entirety by reference.

FIELD OF THE INVENTION

The present invention relates to a process for the selective
removal of nitrates from ground water using a hybnd
nanofiltration-reverse osmosis filtration system. The process

generates product water that 1s low 1n nitrate and that can be
used for drinking, 1rrigation and other purposes, as well as
waste water that 1s low 1n brine and can be sately discarded
to sewage systems.

BACKGROUND OF THE INVENTION

Increase in nitrate concentrations 1s observed in ground
waters around the globe, mostly resulting from intensive
application of fertilizers. Excessive nitrate concentration 1s
the main reason for closure of wells 1n the coastal aquiifer,
resulting 1 loss of substantial amounts of water. For
example, 1n Israel, nitrate concentrations exceeding the 70
mg/L. (~16 mg NO,"—N/L) standard results 1n an annual
water loss of ~24 million m>. Application of advanced
treatment technologies 1s required to reduce nitrate concen-
trations from 90-120 or higher to below 60 mg/L in a cost
cellective and eflicient fashion.

Advanced physical-chemical treatment techniques such
as reverse osmosis (RO), 1on exchange and electrodialysis
are known to be eflective for removing nitrates. However, all
three methods produce waste concentrates (brines) contain-
ing high concentrations of nitrate, as well as other 1ons.
Brine disposal 1s regulated all over the world, mainly
because chloride (C17) can have negative eflects on ecosys-
tems, for example on freshwater organisms, plants and
groundwater. In many inland places, local regulations
regarding discharge of brines to the sewage system limait the
application of physical-chemical technologies. For example,
in Israel, because of agricultural concerns associated with
irrigation with reclaamed water, chloride concentration 1n
brine disposal 1s stringently regulated. The threshold sodium
(Na™) and chloride (C17) concentrations for disposal to the
sewage are 230 and 430 mg/L, respectively. In the United
States, chloride (C17) limitations in general NPDES (Na-
tional Pollutant Discharge Elimination System) permits vary
between 250 to 1,000 mg/l (e.g., Illino1s Louisiana, Mo.),
while individual NPDES permits can be much more strin-
gent (e.g., 150 mg/1l 1n California and Flonida). In addition,
NPDES permits for membrane desalination and 1on
exchange plants may also require limits of chloride loadings
(on top of concentration limitation). (Drinking Water Treat-
ment Plant Residuals Management Technical Report. Sum-
mary ol Residuals Generation, Treatment, and Disposal at
Large Community Water Systems. September 2011. EPA
820-R-11-003).

Treatment facilities installed for NO,™ removal from
drinking water are mainly based on separation by electrodi-
alysis and RO. On top of brine production, another draw-
back of membrane technologies 1s the potential for chemical
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fouling of the membrane. To minimize chemical fouling,
operation with low water recovery ratios or the use of
chemicals (antiscalants) 1s practiced. Biological denitrifica-
tion, the alternative treatment method, does not produce
waste brine but requires an intensive post-treatment step to
remove potential water contamination by organic matter and
bacteria. Moreover, health concerns and public acceptance
constraimnts limit the application of biological treatment of
drinking water [1-3].

Nanofiltration (NF) 1s a promising technology which has
been reported suitable for groundwater treatment. It 1s
defined as a process with characteristics between RO and
ultrafiltration and comprises a variety of membrane types
with different retention efliciencies for either mono- and
multivalent 1ions [4]. The main advantage of NF over RO 1s
operation under lower pressures and higher recoveries [5].
The use of NF technology was extensively reported for
water treatment processes as a sole treatment stage [4-10] or
in combination with RO [11-13,16]. Rauternbach and Gro-
schl suggested a scheme for mitrate removal based on RO
with the addition of NF+Na,SO, to achieve high water
recovery ratio [16]. However, with respect to NO;™ removal
all of these processes, 1n their current development stage, are
still limited by the aforementioned drawback associated with
production ol concentrated brines and the accompanied

disposal 1ssue.
There 1s an unmet need for economical and reliable

techniques for removal of nitrate from water, which process

generates waste water sutliciently low in brine to enable
disposal into local sewage systems.

SUMMARY OF THE INVENTION

The present mvention provides a novel {iltration system
and method for removal of nitrate from groundwater, char-
acterized by production of low salinity waste brine that can
be easily discharged to sewerage systems and high product-
water recovery. The inherent preference of particular NF
membranes for rejecting chloride and sodium over nitrate
ions [14] 1s utilized 1n a preliminary NF stage to remove
Na*, CI~, Ca** and Mg>* to a side stream. In a second stage,
RO 1s applied to remove NO,™. The RO permeate 1s mixed
with the side stream of the NF stage to create product water
low 1n nitrate, yet with a balanced composition comprising
all the required species and minerals, that 1s suitable for a
variety of purposes such as drinking or irrigation. As a result
of this process, the salinity of the resulting waste brine 1s
relatively low and can be discharged to the sewage accord-
ing to local regulations. Moreover, the nitrate-rich brine
contains relatively low Na™ and C1™ concentrations and can
thus be used for a variety of applications, including 1rriga-
tion purposes. The various alternatives for process design
such as the NF membrane type, the number of NF stages and
the recovery ratio of each filtration stage depend mainly on
the planned usage of the waste brine and on the local
regulations for both brine and product water. These aspects,
along with other considerations related to the proposed
process are exemplified herein on a specific nitrate-contami-
nated groundwater and brine discharge according to local
Isracli regulations. Based on Israeli regulations for both
drinking water and required composition of brines dis-
charged to the sewage, a treatment scheme composed of a
single- and double NF stages followed by RO 1s described
herein to reach water recoveries of 91.4% and 94.3%,
respectively. However, the principles of the present inven-
tion are described in a manner enabling the suggested
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treatment scheme to be easily adjusted to other discharge
criteria and/or water characteristics.

Every physico-chemical treatment plant requires a permit
for brine removal. The regulations are country and site-
specific. However, 1n all cases, the solutions known to date
are costly especially for inland applications. Such solutions
include evaporation ponds or fields, brine lines to the sea or
to surface water, etc. In all cases the costs strongly depend
on salts load (flow*concentration). The present mmvention
provides for the first time a unique solution to a wide range
of requirements regarding brine concentration, brine volume
and brine load.

Advantages of the combined NF/RO scheme according to
the principles of the present invention include less water
treated by the RO, significant increase 1n total recovery ratio,
no need in re-mineralization of the product water and
mimmization of calcium carbonate precipitation potential on
the RO membrane.

According to a first aspect, the present invention provides
a process for removal of nitrates from water, the process
comprising the steps of:

a. passing a sample of water through a nanofiltration (NF)

membrane to obtain a NF permeate and a NF retentate;

b. passing the NF permeate obtained 1n step (a) through a

reverse osmosis (RO) membrane to obtain an RO
permeate and an RO retentate;

¢. combining the NF retentate obtained 1n step (a) with the

RO permeate obtained in step (b) so as to produce
product water; and

d. discarding the RO retentate obtained 1n step (b);

wherein the RO retentate comprises brine having a

sodium (Na™) concentration below about 250 mg/I. and
a chloride (CI7) concentration below about 450 mg/L.

The aforementioned process 1s 1llustrated schematically in
FIG. 1.

In some embodiments, the process includes the use of
more than one NF membrane, prior to the RO membrane
stage, so as to increase the etliciency of the process. Thus,
in some embodiments, the process further comprises the step
of passing the NF permeate obtained 1n step (a) through at
least one additional NF membrane prior to performing step
(b). This embodiment, using two NF membranes, 1s 1llus-
trated schematically 1n FIG. 2. In accordance with this
embodiment, the NF retentates resulting from each NF step
are combined, and then the combined NF retentates are
mixed with the RO permeate. Thus, 1n some embodiments,
the process comprises the steps of:

a. passing a sample of water through a first NF membrane

to obtain a first NF permeate and a first NF retentate;

b. passing the first NF permeate obtained 1n step (a)

through a second NF membrane to obtain a second NF
permeate and a second NF retentate;
. combining the first and second NF retentates;

d. passing the second NF permeate obtained in step (b)
through an RO membrane to obtain an RO permeate
and an RO retentate;

¢. combining the combined NF retentate obtained in step
(c) with the RO permeate obtained in step (d) so as to
produce product water; and

f. discarding the RO retentate obtained step (d);

wherein the RO retentate comprises brine having a
sodium (Na™) concentration below about 250 mg/LL and
a chloride (CI7) concentration below about 450 mg/L.

In some embodiments, the NF membrane preferentially
rejects Na*, C1~, Ca** and/or Mg>* ions over NO," ions.

Any NF membrane known to a person of skill in the art
can be used i1n the process of the invention. In some
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embodiments, the NF membrane 1s selected from the group
consisting of DL, DK, NF90, NF245, NF270 and TS80, or
any other suitable NF membrane.

In some embodiments, the NF membrane rejects divalent
ions selected from Ca** and Mg** thereby preventing pre-
cipitation of said 1ons in the RO stage.

According to the principles of the present invention, the
RO permeate 1s mixed with the side stream of the NF stage
to create product water low in nitrate, yet with a balanced
composition comprising all the required species and miner-
als, that 1s suitable for a variety of purposes such as drinking
or wrrigation. In one embodiment, the product water 1n step
(c) has a nitrate concentration below about 16.0 mgIN/1, more
preferably below about 13.5 mgN/l, which corresponds to
the maximum allowed nitrate according to Israeli regula-
tions.

Furthermore, as explained above, the NF stage removes
salts that are later returned to the RO permeate, and 1n this
way the salimity of the resulting waste water (1.e., the RO
retentate) 1s relatively low such that 1t be discharged to the
sewage according to local regulations. This 1s a significant
advantage over the prior art processes, none of which realize
the problem of keeping the brine concentration in the RO
retentate sufliciently low so as to enable discharge into
sewage. Thus, 1n some embodiments, the RO retentate
resulting from the process of the mvention comprises brine
having a sodium (Na™) concentration below about 250 mg/L
and a chloride (CI™) concentration below about 4350 mg/L. In
currently preferred embodiments, the brine has a sodium
(Na™) concentration below about 230 mg/L. and a chlonde
(C17) concentration below about 430 mg/L.

According to some embodiments, the process does not
involve the additional additives to the source water prior to
the treatment with the NEF/RO schemes described herein.

In other embodiments, the present invention provides a
system for removal ol nitrates from water, the system
comprising;

a. at least one nanofiltration (NF) module, each compris-
ing a NF membrane, an inlet for a feed stream, an outlet
for a NF permeate stream and an outlet for a NF
retentate stream;

b. a reverse osmosis (RO) module comprising a RO
membrane through which the NF permeate stream
passes, an outlet for an RO permeate stream and an
outlet for a RO retentate stream;

c. a connector connecting the NF retentate stream and the
RO permeate stream;

wherein the system 1s adapted to produce product water
comprising the NF retentate and RO permeate, and an
RO retentate comprising brine having a sodium (Na™)
concentration below about 250 mg/LL and a chlornide
(C17) concentration below about 450 mg/L. In currently
preferred embodiments, the brine has a sodium (Na™)
concentration below about 230 mg/LL and a chlornde
(C17) concentration below about 430 mg/L.

As contemplated herein, the selection of the recovery ratio
to be applied 1n each filtration stage 1s important for suc-
cessiul process design. Thus, recovery ratios of the NF and
RO stages may be adjusted to meet local standards as
desired, which saves energy and minimizes costs. Therefore,
optimal recovery ratios 1n both the NF (first stage NF in the
double NF scheme) and RO steps should be pre-determined
in order to meet regulations of both product water and waste
brine to be discharged to the sewage. In one embodiment,
the NF minimal recovery ratio 1s about 70% and the RO
minimal recovery ratio 1s about 90%. However, 1t 1s apparent
to a person of skill 1n the art that optimal recovery ratios will
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be determined 1n each case based on the nature of the source
water, the desired use of the product water, the nature of the
NF and RO membranes, and any regulatory limitation on the
waste water that will be discharged to sewage systems.

Further embodiments and the full scope of applicability of
the present invention will become apparent from the detailed
description given hereinafter. However, it should be under-
stood that the detailed description and specific examples,
while indicating preferred embodiments of the invention, are
given by way of illustration only, since various changes and
modifications within the spirit and scope of the mmvention
will become apparent to those skilled in the art from this
detailed description.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1: 1s a schematic representation of a treatment
scheme according to the present invention using a single NF
stage.

FIG. 2: 1s a schematic representation of a treatment
scheme according to the present invention using a double
NE stage.

FIG. 3: Final rejections (70% recovery) of nitrate and
chlonde for different NF membranes and the corresponding
chlonide rejection: nitrate rejection selectivity ratio.

FIG. 4: Comparison between measured and calculated
(Eq. 1) 1on concentrations of a single NF using the NF
membrane TS80.

FIG. 5: Comparison between measured and calculated
(Eq. 1) 10n concentrations for first stage NF filtration (A) and
second stage NF filtration (B) using the NF membrane
NE270.

FIG. 6: Nitrate concentration in product water as a func-
tion of NF recovery ratio at different RO recovery ratios.

FIG. 7. Chlonde (Cl—) concentrations in brine dis-
charged to sewage as a function of NF recovery ratio at
different RO recovery ratios.

FIG. 8: Sodium (Na™) concentration 1n brine discharged to
the sewage, as a function of NF recovery at different RO
recoveries.

FIG. 9: Total recovery as a function of NF recovery for
different RO recoveries.

FI1G. 10: Calcium concentration in the retentates of the NF
and the RO (at 88% recovery) stages as a function of NF
recovery, for the single NF scheme.

FIG. 11: Calcium concentration in the retentates of NF1,
NF2 and RO (at 88% recovery) stages as a function of NF1
recovery, for the double NF scheme.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The present invention relates to a process for the selective
removal of nitrates from ground water using a hybnd
nanofiltration-reverse osmosis filtration system. The com-
bined system comprises a NF step followed by RO filtration.
The NF step can be applied 1n single-, double- or multi-stage
modes, according to the removal efliciency of the NF
membrane, as discussed hereinbelow.

The NF stage serves as a selective barrier for passage of
nitrate to the permeate water over the passage ol other
monovalent 10ons (e.g. chloride and sodium). It also rejects
Ca**, SO,”~ and HCO,™ ions to a large extent thereby
reducing the precipitation and scaling potential of (mainly)
calcium-based precipitants in the following RO stage. Addi-
tionally, 1t reduces the amount of water needed to be treated
by RO. In the RO step, nitrate and the remaining 1ons are

5

10

15

20

25

30

35

40

45

50

55

60

65

6

rejected and removed as brine with relatively low salinity.
The concentrated stream from the NF step 1s mixed with the
product water emerging ifrom the RO step (1.e. RO perme-
ate), thus re-mineralization of the product water 1s unnec-
essary.

According to a first aspect, the present invention provides
a process for removal of nitrates from water, the process
comprising the steps of:

a. passing a sample of water through a nanofiltration (NF)

membrane to obtain a NF permeate and a NF retentate;

b. passing the NF permeate obtained 1n step (a) through a
reverse osmosis (RO) membrane to obtain an RO
permeate and an RO retentate;

c. combining the NF retentate obtained 1n step (a) with the
RO permeate obtained in step (b) so as to produce
product water; and

d. discarding the RO retentate obtamned in step (b);
wherein the RO retentate 1s suiliciently low 1n brine to
be able to be discarded 1nto sewage systems according
to local regulations.

In other embodiments, more than one NF membranes are
used. In accordance with this embodiment, the process of the
invention comprises the steps of:

a. passing a sample of water through a first NF membrane

to obtain a first NF permeate and a first NF retentate;

b. passing the first NF permeate obtained in step (a)
through a second NF membrane to obtain a second NF
permeate and a second NF retentate;

¢. combining the first and second NF retentates;

d. passing the second NF permeate obtained 1n step (b)
through an RO membrane to obtain an RO permeate
and an RO retentate;

¢. combiming the combined NF retentate obtained 1n step
(c) with the RO permeate obtained 1n step (d) so as to
produce product water; and

f. discarding the RO retentate obtained step (d); wherein
the RO retentate 1s sufliciently low 1n brine to be able
to be discarded 1nto sewage systems according to local
regulations.

In some embodiments, the RO retentate comprises brine
having a sodium (Na™) concentration below about 2,000
mg/L. and a chloride (C17) concentration below about 2,000
mg/L.. In other embodiments, the RO retentate comprises
brine having a sodium (Na¥) concentration below about
1,000 mg/L. and a chloride (CI7) concentration below about
1,000 mg/L. In other embodiments, the RO retentate com-
prises brine having a sodium (Na™) concentration below
about 250 mg/LL and a chloride (CI7) concentration below
about 450 mg/L. In other embodiments, the RO retentate
comprises brine having a sodium (Na™) concentration below
about 230 mg/LL and a chloride (CI7) concentration below
about 430 mg/L., which corresponds to the maximum
allowed of said 10ons 1n waste water according to Israeli
regulations. In other currently preferred embodiments, the
product water 1n step (¢) has a nitrate concentration below
about 16.0 mgN/l, more preferably below about 13.5 mgIN/I,
which corresponds to the maximum allowed nitrate accord-
ing to Israeli regulations.

According to some representative embodiments, sug-
gested single and double NF stage treatment schemes are
illustrated schematically in FIGS. 1 and 2, respectively

FIG. 1 1s a schematic representation of a treatment scheme
according to the present invention using a single NF stage.
The system includes a NF module comprising a NF mem-
brane 10, an inlet for a feed stream 12 through which source
water passes, an outlet for the NF permeate stream 14 and
an outlet for the NF retentate stream 16. The system further
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includes a RO module comprising a RO membrane 18
through which the NF permeate stream passes, an outlet for
the RO permeate stream 20 and an outlet for the NF retentate
stream 22. The NF retentate stream 16 feeds into the RO
permeate stream 20 to create a combined stream 24 of
product water that can be used for drinking, 1rrigation or
other purposes. The RO retentate stream 22 1s discharged,
¢.g., to sewage systems. FIG. 1 also demonstrates concen-
trations of C1~ and NO,™—N together with percentages of
teed water (QQ) and pressures 1n the different stages of the
process. These numbers are based on exemplary feed water
characteristics based on Israeli regulations. It 1s apparent to
a person of skill in the art that the system can be adapted to
conform to different regulations as desired.

FIG. 2 1s a schematic representation of a treatment scheme
according to the present invention using a double NF stage.
The system 1includes two sequential NF modules followed
by a RO module. The first NF module comprises a first NF
membrane (NF1) 30, an inlet for a feed stream 32 through
which source water passes, an outlet for the NF1 permeate
stream 34 and an outlet for the NF1 retentate stream 36. The
system further a second NF module comprising a second NF
membrane (NF2) 38 through which the NF1 permeate
stream 34 passes, an outlet for the NF2 permeate stream 40
and an outlet for the NF2 retentate stream 42. The system
turther includes a RO module comprising a RO membrane
44 through which the NF2 permeate stream 40 passes, an
outlet for a RO permeate stream 46 and an outlet for a

RO retentate stream 48. The NF2 retentate stream 42
feeds into the NF1 retentate stream 36, and the combined
NF1 /NF2 retentate stream feeds into the RO permeate
stream 46 to create a combined stream 30 of product water
that can be used for any of the purposes described above.
The RO retentate stream 48 1s discharged, e.g., to sewage
systems.

Nanofiltration and Reverse Osmosis Membranes

The term “nanofiltration” (NF) as used herein includes
any tluid purification technology that uses membranes to
impede, but not prevent, the passage of a desired species.

The term “reverse osmosis” (RO) includes any fluid
purification technology that produces a fresh water permeate
by using an applied pressure to overcome osmotic pressure.
Reverse osmosis 15 a process that 1s reversed from the
naturally occurring process of osmosis. Osmosis occurs
when solutions of differing concentrations are separated by
a semi-permeable membrane. The osmotic pressure across
the membrane 1s directly proportional to the difference in
concentration between the two solutions. To overcome
osmosis, pressure must be applied to the more concentrated
solution to counteract the natural osmotic pressure being
exerted upon 1t. To reverse the direction of the natural
osmotic flow, additional pressure 1s required.

NF membranes are structurally similar to RO membranes
in that chemically they typically are crosslinked aromatic
polyamides, which are cast as a thin “skin layer” on top of
a microporous polymer sheet support to form a composite
membrane structure. The separation properties of the mem-
brane are controlled by the pore size and electrical charge of
the “skin layer”. Such a membrane structure 1s usually
referred to as a thin film composite (TFC). However, unlike
RO membranes, the NF membranes are characterized in
having a larger pore size 1n its “skin layer” and a net negative
clectrical charge inside the individual pores. This negative
charge 1s responsible for rejection of anionic species,
according to the anion surface charge density. Accordingly,
divalent anions are more strongly rejected than monovalent
ones.
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Nanofiltration membranes are well known 1n the art and
any such membranes can be used in the context of the
present invention. Examples of nanofiltration membranes

are polyamide membranes, especially polypiperazineamide
membranes. As examples of useful membranes can be

mentioned (1) Desal-5 DL, Desal-5 DK and Desal HL by
General Flectrics Osmonics Inc.; (11) NF 270, NF 245 and

NF 90 by Dow Chemicals Co.; (111) NE40 and NE70 by
Woongjin Chemicals Co; (1v) Alfa-Laval NF, Alfal.aval NF
10 and Alfa-Laval NF 20 by Alfa-Laval Inc; (v) TrniSep TS40
and TS80 by TriSep Co; and (vi1) and Hydranautics 84200

ESNA 3] by Nitto Denko Co.
Reverse osmosis membranes are well known i1n the art

and any such membrane can be used in the context of the
present invention. Examples of RO membranes include, but

are not limited to, UTC-80A (Toray), BW30 (Filmtec
Corp.), Espa2 (Hydranautics), TFC ULP (IOCH Membrane
Systems), RO1 (Sepro), and the like.

The NF and RO membranes can adopt any shape or
configuration. Generally, there are four main types of mem-
brane modules, each of which can be used in the context of
the present invention: plate-and-frame, tubular, spiral
wound, and hollow fiber. The plate-and-frame module com-
prises two end plates, the flat sheet membrane, and spacers.
In tubular modules, the membrane 1s often on the inside of
a tube, and the feed solution 1s pumped through the tube. The
most popular module in mndustry for nanofiltration or reverse
osmosis membranes 1s the spiral wound module. This mod-
ule has a flat sheet membrane wrapped around a perforated
permeate collection tube. The feed tlows on one side of the
membrane. Permeate 1s collected on the other side of the
membrane and spirals in towards the center collection tube.
Hollow fiber modules consist of bundles of hollow fibers 1n
a pressure vessel. They can have a shell-side feed configu-
ration where the feed passes along the outside of the fibers
and exits the fiber ends. Hollow fiber modules can also be
used 1 a bore-side feed configuration where the feed 1s
circulated through the fibers.

The principles of the mvention are demonstrated by
means of the following non-limiting examples.

EXAMPLE 1

Experimental Setup

A bench scale nanofiltration system operating in cross-
flow mode with a flat sheet membrane cell was used for all
membrane tests. The total membrane surface areca was 48
cm”. Water was recirculated from the feed tank over the
membrane cell with an applied inlet pressure of 8 bars and
cross flow rate of 10 L/min. Water temperature was main-
tained constant at 24° C.. Six different NF membranes were
tested: DL and DK (GE Osmonics), NF90, NF245 and
NE270 (Dow) and TS80 (Trisep). For each membrane test,
permeate and retentate were collected for further analysis
throughout the whole process. The final NF recovery ratio
was 70%. All experiments were carried out with real ground-
water brought from the Zur Moshe well located on the
coastal aquifer of Israecl. The main groundwater quality
parameters are shown in Table 1.

TABLE 1

Composition of source water

Parameter Source
pH 7.2
Conductivity [puS/cm] 774
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TABLE 1-continued

Composition of source water

Parameter sSource
Alkalinity [mg/I. as CaCO4] 166

NO,—N [mg/L] 20.3
Cl™ [mg/L R0.9
Na* [mg/L] 45.9
SO, [mg/L 14.3
Ca’* [mg/L] 83.7
Mg?* [mg/L] 11.5

Analyses

Nitrate and chloride were measured using ion chroma-
tography (761 Compact IC, Metrohm). Calcium, magnesium
and sodium were measured with ICP-OES spectrometer

(1CAP 6000 series, Thermo Fisher Scientific). Conductivity
and pH were measured with standard lab conductivity and
pH meter (MeterLab). Alkalinity was measured according to
Standard Methods (Method 2320). Estimation of precipita-
tion potential of minerals was done using the PHREEQC
software (USGS).

Mass Balance for Determining the Adequate Recovery Ratio
for each Filtration Stage

The selection of the recovery ratio to be applied 1n each
filtration stage 1s imperative for successiul process design.
Maximization of product water recovery, minimization of
waste brine, minimization of water volume to be treated 1in
turther steps (second NF stage, 11 applied, and RO), salinity
ol the waste brine, nitrate concentration in the product water
and reduction of chemicals dosing—all are aflected by the
recovery ratio of the different filtration stages. Operating the
preliminary NF stage with a minimal recovery ratio can
meet most of these goals. NF with a lower recovery ratio
produces less saline NF permeate, thus also reducing the
salinity of both the RO feed stream and the resulting waste
brine. However, operating the NF with a lower recovery
ratio produces a higher volume of NF retentate contaminated
with nitrate and raises the nitrate concentration in the
product water. The RO recovery ratio controls both the total
process recovery ratio and the TDS concentration 1n the final
brine. Therefore, optimal recovery ratios in both the NF (first
stage NF 1n the double NF scheme) and RO steps should be
pre-determined 1n order to meet regulations of both product
water and waste brine to be discharged to the sewage.

In one embodiment, the NF minimal recovery ratio 1s
about 70% and the RO minimal recovery ratio 1s about 90%.
However, 1t 1s apparent to a person of skill in the art that
optimal recovery ratios will be determined in each case
based on the nature of the source water, the desired use of
the product water, the nature of the NF and RO membranes,
and any regulatory limitation on the waste water that will be
discharged to sewage systems.

The eflect of the recovery ratio of the second NF step on
the various process considerations (relevant only to the
double NF scheme) 1s less prominent and was thus fixed at
90% during the following preliminary process design cal-
culations.

Equation 1 [15] can be used to asses specific 10n concen-
trations 1n permeate or retentate of NF for a given recovery
ratio.

Cp 1-(1- Y-k (1)

Cr Y
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wherein C, and C. are the concentrations of a specific 1on
in permeate and feed, respectively, R 1s the local rejection
and Y 1s the corresponding recovery ratio. Eq. 1 was
suggested for rough estimations since the osmotic feed
pressure does not increase significantly with the increase in
recovery 1n NF processes (for solutions dominated by mon-
ovalent ions, namely Na* and CI7). Therefore, a constant
flux can be roughly assumed for all recoveries and the
rejection 1n the computed segment (1.e. the local rejection R)
remains also approximately constant throughout the process.
Having said this, validation of the suitability of Eq. 1 for
design purposes 1s needed.

Based on the above considerations (along with technical
constraints), a maximal (relatively low) recovery ratio of
70% was selected for the first NF stage. Experimental results
(measured concentrations of specific 1ons 1n the permeate
water at different recoveries) were used for validating Eq.
(1). The local rejection (R) was determined by measuring the
initial rejection at Y<<0.01. In the RO step R was assumed to
be 1 for all components. Determination of the final set of
operation conditions was carried out based on the calculated
results for the NF step. Finally, the recovery ratio of each
filtration stage was determined according to the Israecli

nitrate drinking water regulations (1.e. maximum of 13.5 mg
NO,™—N/L) and the maximal chloride and sodium (Na™)
concentrations i1n brines discharged to the sewage (430 and
230 mg/L, respectively).

The results presented hereinbelow include the following:
a) Results from preliminary experiments aimed at selecting
NF membranes with preference to chloride and sodium
rejection over nitrate; b) Validation of the mass balance
equation based on experimental results using the selected
NF membranes at diflerent recovery ratios; ¢) Application of
the mass balance equation for determining the permeate and
brine composition as a function of NF recovery ratio at
different RO recovery ratios, and selection of the most
suitable recovery ratios to meet the Israeli1 regulations.

EXAMPLE 2

Preliminary NF Membrane Tests

S1x NF membranes were tested in order to assess their
selectivity for nitrate and chloride rejection. The results are
shown 1 FIG. 3.

Three of the membranes showed better rejection for
chloride. The combination of high chloride rejection with a
reasonable selectivity ratio was observed specifically for
TS80. Lower rejections of both 1ons, yet with prominent
selectivity for chloride removal, were attained by NEF270.
Accordingly, 1t was decided to further evaluate the suitabil-
ity of TS80 and NF2770 for a filtration scheme consisting of
single- and double NF stages, respectively.

EXAMPLE 3

Validation of the Mass Balance Equation

The mitial (Y=0.01), middle (Y=0.35) and final (Y=0.7)
permeate concentrations of mitrate, chlonde, sodium and
calcium for the single and double NF experiments were
measured and compared to the calculated concentrations
based on Eq. (1). In general, the higher the recovery ratio
was, the higher were the deviations between measured and
calculated values. Negligible deviations were obtained at

Y=0.01 and Y=0.35 (data not shown). FIGS. 4 and 5 (A&B)
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present the measured and the calculated 1on concentrations
at Y=0.7 for the single and double NF experiments, respec-
tively.

The maximal deviation between measured and calculated
ion concentrations in the final permeate was lower than 10%.
These minor deviations corroborate the use of the Eq. (1) for
predicting the 10on concentrations throughout the recovery
rat1o range.

EXAMPLE 4

Determination of the Recovery Ratio at each Stage
using Eq. (1)

Concentrations of relevant ions (NO,~, CI7, Na™) at
different stages of the process as a function of the recovery
ratio were assessed using Eq. (1) for both the single- and the
double NF filtration scheme. The calculated NO,™—N con-
centrations are shown for the product water, while those of
Cl™ and Na™ are shown for the waste brine.

(a) Single NF Scheme with TS80

FIG. 6 presents nitrate concentration in the product water
as a function of the NF and RO recovery ratios.

At higher NF recoveries, higher volumes of nitrate-rich
water are treated i the RO step, resulting in lower nitrate
concentration 1n the product water. The higher the RO
recovery, the higher 1s the dilution of the product water by
the nitrate-free RO permeate. As shown in FIG. 6, the
mimmal recovery that can be applied for NF 1n order to meet
the drinking water standards of 13.5 mg NO,—N/L,
together with reasonable and high RO recovery, 1s 69%
(correlates with 90% recovery of RO).

FIGS. 7 and 8 present chloride (C17) and sodium (Na™)
concentrations in the brine discharged to sewage, as a
function of the recovery ratio 1n the NF step at different RO
recovery ratios.

As expected, operation of NF1 at higher recovery ratios
produces RO brine with higher salt concentrations. At higher
recovery ratios, the NF permeate 1s more concentrated, thus
raising also the TDS concentration in the feed stream to the
RO step and 1ts corresponding brine. The RO recovery ratio
aflects directly the brine’s salimity by a dilution factor. As
shown in FIG. 8, the limitation of 230 mg Na*/L {for
discharge to the sewer limits RO recovery to a maximum of

88%. Higher RO recoveries do not meet this standard under
the relevant NF recoveries above 69%. Chlonde concentra-
tions are lower than the standard (430 mg CI7/L) and
therefore do not limit the value of RO recovery. However,
operation at 88% RO recovery requires a minimal NF
recovery of 70% 1n order to meet product water nitrate
concentrations meeting the Isracli standard (FIG. 6). There-
fore, recoveries of 70 and 88% for NF and RO, respectively,
are adequate for the Israeli regulations, resulting in maximal
overall water recovery, mimnimum water volume to be treated
in the RO step and minimum chemical dosing to eliminate
scaling. The total recovery ratio obtained with the above
recovery ratios 1s 91.6% (FIG. 9).
(b) Double NF Scheme with NF270

A sitmilar procedure for determining recovery ratios was
applied for the double NF scheme using NF270. In general,
the trends were similar to those observed in the single NF
experiment. However, the lower rejection etfliciencies of the
NF270 membrane led to less concentrated NF1 retentate and
more concentrated NF1 permeate at a given recovery. There-
fore, the concentration of nitrate in the product water
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decreased, the level of both chloride and sodium 1n the waste
brine increased and the recovery of NF1 had, thus, to be
reduced.

The adequate recoveries for the Israclhi regulations were
53, 90 and 88% for NF1, NF2 and RO, respectively. Cal-

culated nitrate-N concentration in product and chloride and
sodium concentrations 1n waste brine with the above recov-

eries were 13.5, 257 and 216 mg/L, respectively. The total
recovery was 94.3%.

EXAMPLE 5

Calcium Carbonate Precipitation and Prevention
Options

Calcium carbonate precipitation can occur at the different
stages of the process. Magnesium and sulfate concentrations
were too low for inducing precipitation (Table 1). FIG. 10
presents the calcium concentration 1 the NF and RO
retentates as a function of the NF recovery for the single NF
scheme. FIG. 11 presents calcium concentration in the
retentate of both NF and RO stages as a function of the
recovery of the NF1 for the double NF scheme. RO recovery
was set at 88% as found to be an optimum 1n the previous
sections for both filtration schemes.

In general, the calcium concentration in the retentate of
NF1 depends positively on the recovery of NF1 due to a
dilution factor. The calcium concentration in the retentate of
NF2 and RO depends also positively on NF1’s recovery due
to the formation of higher concentrated permeates at the
higher NF recoveries. Each permeate serves as the feed
stream for the next filtration stage, thus also aflecting
positively the corresponding retentate of the specific stage.
At the relevant NF1 recovery range determined in the
previous section (1.e. 50-70%), the highest precipitation
potential was calculated in RO retentate for the double NF
scheme with the corresponding assessed parameters of pH
8.14, alkalinity 250 mg/L (as calcium carbonate) and cal-
cium 213 mg/L. For this case, the CaCO; precipitation
potential calculated was 56 mg/L.. The scaling potential can
be mimmized by the addition of a small amount of antiscal-
ant. Due to the dithculty of the addition of antiscalants to
drinking water, a similar effect can be achieved by lowering
source water pH from 7.2 to 6.7 by the addition of 0.5mM
HCl or 0.25 mM H,SO,. The addition of chlorides or
sulfates 1n the process 1s negligible. Similar acid concentra-
tion 1s required in the single NF scheme.

EXAMPLE 6

Terent

Comparison of Energy Requirements in D1
Filtration Schemes

Table 2 presents rough estimations of energy consumption

and energy cost for the 3 treatment alternatives: RO, single
NF followed by RO and double NF ifollowed by RO.
Recoveries and pressures for the combined NF-RO schemes
are based on the calculations above. In the case of RO as a
sole treatment, recovery and pressure were chosen so that
the process will meet the local Israeli standards for drinking,
water and wastewater.
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TABLE 2

Estimations of energy consumption and energy cost for the
3 treatment alternatives based on membrane filtration

Treatment scheme

RO Single NF + RO Double NF + RO
Stage RO NF RO NF1 NF2 RO
Stage Recoveries [%0] 80 70 88 33 90 8K
Total recovery [%] 80 91.6 94.3
Pressure [bar] 10 8 8 8 8 8
Energy consumption 0.46 0.55 0.63
[kWh/m” product]
Energy cost 2.76 3.3 3.7%8

[cent/m? product]

Each NF stage increases the energy cost by approximately
0.5 cent/m” product water. However, the addition of single
and double NF stage increases significantly the total recov-
ery and minimizes waste brine volume by a factor higher
than 2 and 3, respectively, on top of much lower brine
salinity.

Conclusions:

Anovel and cost effective filtration scheme for removal of
nitrate from groundwater, characterized by production of
low salimity waste brine that can be easily discharged to
sewerage systems and high product-water recovery, 1s dem-
onstrated herein. The system comprises a NF step followed
by RO filtration. Several nanofiltration membranes have
shown their effectiveness for preferable removal of chloride
and sodium over nitrate. This selectivity 1s utilized herein to
separate nitrate from other 10ons in a preliminary groundwa-
ter filtration stage. The nitrate-rich NF permeate i1s then
filtrated by RO 1n a following stage to produce a salt-free
permeate together with a waste brine with low salinity. The
concentrate (retentate) removed by the NF 1s mixed again
with the RO permeate thus allowing for high water recovery
rati1o and making remineralization of product water unnec-
essary. Moreover, the NF stage reduces the amount of water
needed to be treated by RO and minimize scaling potential
on the RO membrane. Two representative schemes for
treating nitrate-contaminated groundwater with brine dis-
charge to sewer are presented herein. High total recoveries
of 91.6 and 94.3% can be achieved for the single and double
NF scheme, respectively. CaCO; precipitation potential 1s
low for both cases and can be removed completely by
reasonable acid dosing.

The suggested scheme 1s based on a “fit to purpose”
concept that links the quality of the treated water, the applied
technology and the alternative destinations for waste brine
such as direct disposal to the sewage, denitrification fol-
lowed by disposal to the sewage or 1rrigation. The examples
hereinabove describe a specific treatment scheme for nitrate-
contaminated groundwater with direct brine discharge to the
sewage based on local regulations in Israel. However, 1t 1s
apparent to a person of skill in the art that the principles of
the present invention can be easily applied to other demands.

The foregoing description of the specific embodiments
will so fully reveal the general nature of the invention that
others can, by applying knowledge within the skill of the art
(including the contents of the references cited herein),
readily modily and/or adapt for various applications such
specific embodiments, without undue experimentation,
without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are
intended to be within the meaning and range of equivalents
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of the disclosed embodiments, based on the teaching and
guidance presented herein. It 1s to be understood that the
phraseology or terminology herein 1s for the purpose of
description and not of limitation, such that the terminology
or phraseology of the present specification 1s to be inter-
preted by the skilled artisan in light of the teachings and
guidance presented herein, in combination with the knowl-
edge of one of ordinary skill in the art.
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What 1s claimed 1s:

1. A process for removal of nitrates from water, to produce
(1) product water and (11) a waste brine comprising sodium
(Na™) concentration below about 250 mg/I. and a chloride
(C17) concentration below about 450 mg/, the process com-
prising the steps of:

a. passing a sample of water through a nanofiltration (NF)

membrane to obtain a NF permeate and a NF retentate;

b. passing the NF permeate obtained 1n step (a) through a
reverse osmosis (RO) membrane to obtain an RO
permeate and an RO retentate;

wherein steps (a) and (b) further comprise controlling NF
and RO recovery ratios to result in RO retentate com-
prising waste brine having sodium (Na™) concentration
below about 250 mg/L. and a chlornide (CI™) concentra-

tion below about 450 mg/L;

c. combining the NF retentate obtained in step (a) with the
RO permeate obtained in step (b) so as to produce
product water; and

d. discarding the RO retentate obtained 1n step (b).

2. The process according to claim 1, further comprising a
step of passing the NF permeate obtained in step (a) through
at least one additional NF membrane prior to performing
step (b).

3. The process according to claim 2, wherein the NF
retentates resulting from each NF step are combined.

4. The process according to claim 3, wherein the com-
bined NF retentates are mixed with the RO permeate.
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5. The process according to claim 2, comprising the steps
of:

a. passing a sample of water through a first NF membrane

to obtain a first NF permeate and a first NF retentate;

b. passing the first NF permeate obtained in step (a)
through a second NF membrane to obtain a second NF
permeate and a second NF retentate;

c. combining the first and second NF retentates;

d. passing the second NF permeate obtained 1n step (b)
through an RO membrane to obtain an RO permeate
and an RO retentate;

wherein steps (a) - (d) further comprise controlling NF
and RO recovery ratios to result in RO retentate com-
prising waste brine having sodium (Na™) concentration
below about 250 mg/L. and a chlonde (CI™) concentra-
tion below about 450 mg/L;

¢. combining the combined NF retentate obtained 1n step
(c) with the RO permeate obtained 1n step (d) so as to
produce product water; and

f. discarding the RO retentate obtained step (d).

6. The process according to claim 1, wherein the NF
membrane preferentially rejects Na™, C1™ Ca+2 and/or Mg=*
ions over NO;~ 10ns.

7. The process according to claim 1, wherein the NF
membrane rejects divalent ions selected from Ca** and
Mg** thereby preventing precipitation of said ions in the RO
stage.

8. The process according to claim 1, wherein the product
water 1n step (¢) has a mitrate concentration below about 16.0
mgIN/I.

9. The process according to claim 8, wherein the product
water 1n step (¢) has a nitrate concentration below about 13.5
mgIN/I.

10. The process according to claim 1, wherein the brine
has a sodium (Na™) concentration below about 230 mg/I. and
a chloride (Cl7) concentration below about 430 mg/L.

11. The process according to claim 1, wherein the NF
recovery ratio 1s about 70% or higher.

12. The process according to claim 1, wherein the RO
recovery ratio 1s about 90% or higher.
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